This paper presents the micromechanical modeling of fiber bridging constitutive law of a discontinuous fiber reinforced composite (DFRC) under cyclic loading. Fiist, the derivation of fiber bridging constitutive law under monotonic loading is briefly reviewed to highlight the approach to obtain the bridging stress carried by randomly distributed discontinuous fibers. Second, the relation between single fiber pa-out/push-in load amplitude and crack opening displacement amplitude under cyclic loading is derived. Third, fiber bridging constitutive l aw under cyclic loading is derived and obtained in two ways: numerically and analytically. Finally, the fiber bridging constitutive law is compared with experimental data of a cyclically loaded fiber reinforced concrete (FRC), and its validity is shown.
Introduction
Short fiber reinforced cement based composites are recently finding more applications in civil engineering. These composites exhibit superior performance in strength, ductility, and fracture toughness, when compared to conventional cementitious materials, such as mortar and concrete. These beneficial properties are exhibited due to bridging fibers that transfer stresses over cracks and resist against cracks' opening. It is known that fiber bridging constitutive law, which is the relation between bridging stress and crack opening displacement, is specific to a composite mix design, and that it governs the composite post crack behaviors1)2). Therefore, the understanding of fiber bridging constitutive law is essential for developing a high performance composite that satisfies structural perfoimance requirements.
Some of these composites' applications expect improved long-term durabilities for structures that are subjected to fatigue under traffic loading or environmental loading. Long-term durabilities can be improved with the composites' high fatigue strength, high crack resistance, and crack width control ability. For each of these properties, the understanding of fiber bridging constitutive law is again necessaiy. Here, in addition to the law under monotonic loading, the law under cyclic loading is required. These two equations (8) and (9) The first tam for fibers that have been in debonding stage can be obtained with the use of (8) . Replacing z/(Lf/2) with z', the integration leads to where z0=1-•@ , ƒ¢ƒÂ=ƒ¢ƒÂ/(Lf/2), and ƒÂmax= ƒÂmax /(Lf/2).
Similarly the second term for fibers that have been in sliding stage can be obtained with the use of (9) and (10) The cyclic loading test of an FRC is briefly summarized here. The tested FRC contains coarse aggregates of 8mm maximum and is reinforced with 1 vol.% of smooth steel fiber (see Table 1 for fiber parameters). The FRC specimen has dimensions of height 55mm, width 60mm, and thickness 50mm, and its two sides have a notch of 9mm depth and 3mm width. The specimen was loaded in uniaxial tensile load and unloaded at eight preset displacement values: 0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5mm. Deformation over the notch of each side was measured by extensometers with the gauge length of 12.5mm. Fig. 7 shows the measured relation between the applied stress and the gauge displacement under the aforementioned loading sequence. In the experimental measurement steep hysteresis loops with some remaining displacement at zero load level are observed, therefore the crack does not close even after full unloading. This is a common observation in the cyclic response of FRCs10). The width of hysteresis loops changes from one to another, and it is the widest for the unloading-reloading branch from 0.2mm.
From this particular plot, the tensile strength is 4.1 MPa, and the composite modulus is 7.3 GPa, while they are reported to be 5.42 MPa and 35 GPa based on direct tensile and compressive tests respectively. The measured composite modulus of 73 GPa is apparently very low, and this is due to the notches made on the sides of the specimen. Also lower modulus in tension than compression in fiber reinforced cementitious materials has been measured11). In this comparison, the composite modulus From the comparison, the interfacial fictional bond strength, ƒÑ0 , and the coefficients, al and a2, are deduced. The set of these parameters shown in Table  3 and Table  4 yields a close agreement with the experimental curves.
The deduced values in Table  3 for monotonic loading fall within reported values15), whereas, for cyclic loading, it is found that the interfacial frictional bond strength under cyclic loading is lower than that Table 3 Maximum and minimum opening displacement and estimated interfacial bond strength at each of hysteresis loops. and we obtain (24). 
